We demonstrated that overexpression of a cRNA encoding a truncated potassium channel polypeptide that contains the NH 2 terminus and the first transmembrane segment (Kv1. 35 S]methionine revealed that Kv1.1N206Tag polypeptide is detectable in the particulate (membranous) fraction, but not in the soluble (cytosol) fraction. A series of double immunoprecipitations with 12CA5 and polyclonal antibodies against Kv1.5 and Kv1.4 revealed that Kv1.1N206Tag forms heteromultimeric complexes with the native Kv1.4 and Kv1.5 polypeptides. The steady-state levels of Kv1.5 were not affected by the overexpression of Kv1.1N206Tag. Immunofluorescence colocalization and confocal microscopy analyses revealed that Kv1.1N206TagFlag did not reach the plasma membrane, and its distribution pattern was characteristic to that of a resident endoplasmic reticulum polypeptide. Our observations establish that the negative effect of Kv1.1N206Tag is mediated by the formation of heteromultimeric complexes with the native channels and by the retention of these complexes in the endoplasmic reticulum.
We demonstrated that overexpression of a cRNA encoding a truncated potassium channel polypeptide that contains the NH 2 35 S]methionine revealed that Kv1.1N206Tag polypeptide is detectable in the particulate (membranous) fraction, but not in the soluble (cytosol) fraction. A series of double immunoprecipitations with 12CA5 and polyclonal antibodies against Kv1.5 and Kv1.4 revealed that Kv1.1N206Tag forms heteromultimeric complexes with the native Kv1.4 and Kv1.5 polypeptides. The steady-state levels of Kv1.5 were not affected by the overexpression of Kv1.1N206Tag. Immunofluorescence colocalization and confocal microscopy analyses revealed that Kv1.1N206TagFlag did not reach the plasma membrane, and its distribution pattern was characteristic to that of a resident endoplasmic reticulum polypeptide. Our observations establish that the negative effect of Kv1.1N206Tag is mediated by the formation of heteromultimeric complexes with the native channels and by the retention of these complexes in the endoplasmic reticulum.
Voltage-gated potassium channels form a symmetric tetrameric complex around an aqueous pore. The proper order of assembly of channel complexes involves selective association of four ␣ subunits, which are polytopic membrane polypeptides with four cytoplasmic ␤ subunits (3, 4) . Assembly of most hetero-oligomeric membrane glycoproteins takes place in the endoplasmic reticulum immediately after the termination of translation and folding, and failure to fold or assemble correctly often leads to retention in the ER 1 and degradation (5). The proper assembly requires inter-and intrasubunit interactions that facilitate the formation of the proper complexes in the plasma membrane. Recent work from our laboratory (1) and others (6 -8) indicates that distinct domains, located at the NH 2 terminus, the first transmembrane segment (S1), S2, and S3 are important for the specificity and stability of interactions between different potassium channel subunits. Tiwari-Woodruff et al. (9) showed that intrasubunit electrostatic interactions between negatively charged residues in S2 and S3 and positively charged residues in S4 contribute to the proper folding and processing of the Shaker channel polypeptides.
We and other investigators used overexpression of truncated polypeptides in a dominant negative approach to determine whether a specific domain plays a role in channel assembly (1, 6 -8) . However, none of the experiments carried out as part of the analysis of channel assembly provided a biochemical mechanism for the dominant negative effect of overexpression of truncated channels. Interestingly, this dominant negative experimental approach may explain the underlying mechanism involved in episodic ataxia, an autosomal dominant human disease characterized by persistent myokymia and recurrent attacks of generalized ataxia. This disease is caused by distinct missense mutations of Kv1.1 gene (10) . A dominant negative mechanism may also underlie long QT syndrome, a lethal disease caused by missense mutations in voltage-gated potassium channels such as HERG and KVLQT1 (11) (12) (13) . This autosomal dominant disease is characterized by a typical electrocardiographic phenotype of a prolonged QT interval and by sudden death caused by ventricular arrhythmias.
The clonal cell line GH3 expresses the transcripts and polypeptides of voltage-gated potassium channels, including Kv1.4, Kv1.5, and Kv2.1, all of which are also expressed in the heart (14 -16). The expression of Kv1.5 in GH3 cell line and primary rat cardiocytes is modulated by cAMP, depolarization, and the glucocorticoid agonist, dexamethasone (14 -16) . Moreover, the transcription regulation of the Kv1.5 promoter in these cells is similar to that of the Kv1.5 gene in rat cardiac myocytes (16) . Thus, the GH3 cell line provides a useful model system to study the regulation of synthesis and assembly of potassium channel polypeptides in a cell in which they are naturally expressed.
Here we report that overexpression of a truncated potassium channel polypeptide resulted in the formation of heteromultimeric complexes with the native Shaker-like channels expressed * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. in GH3 cells. These complexes were retained in the endoplasmic reticulum and did not reach the plasma membrane. The truncated channel was subsequently degraded with a half-life of 2.6 h. These experiments confirm that channel assembly occurs in the endoplasmic reticulum and that interference with the proper assembly results in the retaining of the misassembled complexes in the ER. The results provide a biochemical mechanism that explains the dominant negative effects observed in Xenopus oocytes and more recent observations, which revealed that overexpression of Kv1.1N206Tag polypeptide in the heart of transgenic mice resulted in a long QT phenotype (1, 2) .
MATERIALS AND METHODS
Plasmids-Kv1.1N206Tag was constructed by PCR using Kv1.1 (17) as a template, T7 as a forward oligonucleotide and 5Ј-ATGCGGTGAAT-GGTGCCC-3Ј as a reverse oligonucleotide. The PCR product was cloned into pBsHA-Tag.
Kv1.1N206TagFlag was constructed by PCR using pcDNAneoKv1.1N206Tag as a template, T7 as a forward oligonucleotide, and 5Ј-GGGTCTAGACTACTTGTCATCGTCGTCCTTGTAGTCGAGCCTGC-GTAATC-3Ј as a reverse oligonucleotide. The PCR product was digested with HindIII and XbaI and subcloned into pcDNA3.
FlagKv1.1N206Tag was constructed by PCR using pcDNAneoKv1.1N206Tag as a template, 5Ј-CCGGAATTCACCATGGACTACAAG-GACGACGATGACAAGACGGTGATGTCAGGG-3Ј as a forward oligonucleotide and SP6 as a reverse oligonucleotide. The PCR product was digested with EcoRI and XhoI and subcloned into pcDNA3.
Transfections-In the stable transfections, pcDNA I neo Kv1.1N-206Tag was transfected into GH3 cells by the calcium phosphate method. Stable transfectants were selected by growing individual clones in 10% fetal calf serum in DMEM containing 600 g/ml G418. Transient transfections were performed using the LipofectAMINE (Life Technologies, Inc.) method, following the manufacturer's instructions. Two to four micrograms of DNA per 60-mm dish were used. Cells were grown on poly-L-lysine-coated coverslips and processed 48 h after transfection for immunofluorescence.
Immunofluorescence-Cells were fixed with either methanol (Ϫ20°C) or 2% paraformaldehyde and 1% Triton X-100, blocked for 1 h with 5% bovine serum albumin in phosphate-buffered saline, incubated overnight at 4°C with 2 g/ml anti-Flag M2 antibody in 1% bovine serum albumin in phosphate-buffered saline, and then incubated for 1 h at room temperature with goat anti-mouse IgG coupled to fluorescein isothiocyanate (Jackson Laboratory, 1/100 dilution). Confocal microscopy was done using a Bio-Rad MRC600 confocal microscope (Harvard Medical School facility).
For the colocalization studies, anti-TRAP␣ was diluted 1/100. The secondary antibody used was a rhodamine-labeled donkey anti-rabbit antibody. Fluorescence signal was observed with a Zeiss Axiophot microscope, and the images were prepared using a cyotovision system (Applied Imaging, Pittsburgh, PA). Images were captured using monochromatic filters.
Western Blots-Cells were lysed in 50 mM Tris (pH 8), 0.5% SDS, 1% Nonidet P-40, 0.5% deoxycholate, and 150 mM NaCl. The lysates were centrifuged at 3000 rpm for 10 min, and the supernatants were then electrophoresed in 11% polyacrylamide-SDS gels. Proteins were blotted onto nitrocellulose and probed with a 1/2500 dilution of AK1.5, a polyclonal antibody against Kv1.5 (1). The blots were incubated with goat C) . The analysis was performed using an LKB 2202 Ultroscan laser densitometer. The results represent a mean of the densitometric scanning of the autoradiographic duplicate signals in C. These results are representative of six independent experiments. The half-life of Kv1.1N206Tag polypeptide was determined by calculating from the equation t1 ⁄2 ϭ ln2/k, where t1 ⁄2 is the half-life, and k is the first order degradation rate constant.
anti-rabbit coupled to peroxidase (Jackson, 1/50,000) and developed using the chemI luminescence method.
Cell Radiolabeling and Immunoprecipitation-Cells were pretreated with 5% FCS in methionine-and cysteine-free DMEM for 1 h and then labeled for 1-2 h with 0.1 mCi/ml Tran 35 S-label (ICN) in 10% FCS in methionine-and cysteine-free DMEM. In pulse-chase experiments, the labeling medium was removed and cells were incubated with 10% FCS supplemented with 4 mM methionine and 4 mM cysteine for the indicated periods of time. Cells were lysed in 50 mM Tris (pH 8), 0.1% SDS, 1% Nonidet P-40, 0.5% deoxycholate, and 150 mM NaCl (RIPA) containing a mixture of protease inhibitors, and were centrifuged at 3000 rpm for 10 min. Cell extracts were precleared with protein A-Sepharose for 30 min and incubated overnight with the indicated antibodies. Immunocomplexes were collected with protein A-Sepharose and electrophoresed in 11% polyacrylamide-SDS gel. In double immunoprecipitation experiments, proteins were solubilized from the protein A-Sepharose pellet by boiling for 5 min in 2% SDS, diluted with 6 volumes of 50 mM Tris (pH 8), 1% Nonidet P-40, 0.5% deoxycholate, 150 mM NaCl, and immunoprecipitated with the second antibody.
Subcellular Fractionation-
35
S-Labeled cells were lysed by sonication (three times for 10 s each) in 50 mM Tris, pH 7.5, and 0.1 mM EDTA (buffer A) containing a mixture of protease inhibitors, and were centrifuged at 3000 rpm for 10 min. The supernatant was ultracentrifuged at 100,000 ϫ g for 1 h; the pellet was washed with buffer A, recentrifuged, dissolved by a 1-h rotation in 50 mM Tris pH7.5, 1 mM MgCl 2 , 1 mM EDTA, 1% Triton X-100, and 2.5% sucrose (buffer B), and centrifuged at 14,000 rpm for 10 min (membrane fraction).
RESULTS
Stable Expression of Kv1.1N206Tag in GH3 Cells-Using dominant negative experiments in Xenopus oocytes, we demonstrated that coinjection of the cRNA encoding the NH 2 terminus and the first transmembrane segment of Kv1.1 (Kv1.1N206Tag) inhibited the expression of Kv1.1 or Kv1.5 cRNA-encoded outward potassium currents (1) . To explore the process of assembly and to understand the biochemical mechanisms of the dominant negative effect observed in oocytes, Kv1.1N206Tag was stably transfected into GH3 cells using pcDNA I expression vector (Fig. 1A) . Fifty clones were isolated. Reverse transcription PCR of RNA derived from nine clones revealed that eight of the clones expressed Kv1.1N206Tag transcript. RNase protection analysis of three of these clones showed that the relative intensity of the (shorter) protected fragment of Kv1.1N206Tag transcript was at least 2-fold higher than that of the endogenous Kv1.5 protected transcript (data not shown). We then tested the three clones for expression of Kv1.1N206Tag polypeptide by immunoprecipitation with 12CA5 monoclonal antibody of cell lysates labeled with 1 and 4) , and the other two portions were diluted with RIPA without SDS to a final SDS concentration of 0.3% and reprecipitated with anti-Kv1.4 antibody (lanes 2 and 5) or AK1.5 antibody (lanes 3 and 6) . B, GH3 and GHT69 cells were 35 S-labeled, and the cell extracts were immunoprecipitated with a control antibody (anti-eNOS, lanes 1-4) or with anti-Kv1.4 antibody (lanes 5-8) . The pelleted polypeptides were dissolved by boiling in 2% SDS and divided in two halves. One half was mixed with sample buffer and electrophoresed (lanes 1, 3, 5, and 7) , and the other half was diluted with RIPA without SDS to a final SDS concentration of 0.3%, and reprecipitated with anti-HA antibody (lanes 2, 4, 6, and 8).
[
S]methionine and [
35 S]cysteine. The results showed that all three positive clones expressed a distinct polypeptide, with an apparent mass of 25 kDa, which was not detectable in control GH3 cells (Fig. 1B) . The mobility of Kv1.1N206Tag expressed in these clones was identical to that of the in vitro translated polypeptide, since the truncation is located immediately before the consensus signal for glycosylation. Assuming first order kinetics, pulse-chase experiments indicated that the half-life of Kv1.1N206Tag polypeptide was 2.6 h (Fig. 1, C and D) . Thus, the truncated protein has a half-life slightly shorter than that of Kv1.5, which is about 4 h in GH3 cells (15) .
Next, we tested whether the overexpression of Kv1.1N206-Tag would alter the steady-state levels of Kv1.5 polypeptide. Western blot analyses of the crude membrane fraction of control GH3 and GHT69 cells revealed a prominent 76-kDa band of equal intensity both in GH3 cells and in the cells transfected with Kv1.1N206Tag (GHT69; Fig. 2A ). Preimmune serum did not react with the 76-kDa band; however, it did react with the two bands that migrated faster than Kv1.5. Moreover, preincubation of AK1.5 with the immunogenic peptide abolished the immunoreactivity of AK1.5 with the 76-kDa band (data not shown). To elucidate whether there is a significant difference between the rate of synthesis of Kv1.4 and Kv1.5 polypeptides in GH3 and GHT69 cells, cells were labeled for 1 h and the total cell lysates were then immunoreacted with AK1.5 and antiKv1. 4 antibodies. These representative results demonstrated that equivalent amounts of immunoreactive Kv1.4 and Kv1.5 polypeptides were precipitated from GHT69 and control GH3 cells (Fig. 2B) , suggesting that the overexpression of Kv1.1N206Tag did not significantly alter the level of accumulation of the native channels measured 1 h after initiating the pulse. Thus, neither the steady-state levels nor the rates of synthesis of Kv1.5 and Kv1.4 polypeptides were altered by overexpression of Kv1.1N206Tag.
Heteromultimerization of Kv1.1N206Tag with the Native Kv1.4 and Kv1.5 Channel Polypeptides-Two hypotheses may explain the mechanism of the dominant negative effect of Kv1.1N206Tag. (a) The truncated polypeptides may coassemble to form heteromultimeric complexes with the native channels, and these complexes may reach the plasma membrane and form nonfunctional channels; or (b) these complexes will be retained in the ER. To test these hypotheses, we examined whether Kv1.1N206Tag can form heteromultimeric complexes with the native Kv1. 4 (Fig. 3A, lanes 1 and 4) . To elucidate whether Kv1.1N206Tag specifically coprecipitated Kv1.4 and/or Kv1.5, the two other portions were diluted with equal volumes of RIPA without SDS to lower the concentration of SDS to 0.3% and were then reprecipitated with anti-Kv1.4 antibody (Fig. 3A, lanes 2 and 5) or AK1.5 antibody (Fig. 3A,  lanes 3 and 6) . The results demonstrated that AK1.5 and antiKv1.4 precipitated the corresponding polypeptides only from the 12CA5 pellets derived from GHT69 but not from the 12CA5 2 and 3) and Kv1.1N206Tagflag (lanes 5 and 6) with anti-flag and anti-HA antibodies demonstrates that both antibodies precipitate Kv1.1N206Tagflag but that only anti-HA precipitates Kv1.1N206Tag. The total translates are shown in lanes 1 and 4. The specificity of the interactions between 12CA5 and the truncated polypeptides expressed in transfected GH3 cells is demonstrated in lanes 7-12. GH3, GHT69, and GHTR1 (GH3 cells stably transfected with Kv1.1N206Tagflag) cells were 35 S-labeled, and the cell extracts were immunoprecipitated with anti-HA antibody in the presence or absence of HA peptide. The pellets were analyzed on SDS-PAGE. Arrows indicate the corresponding polypeptides. C, confocal microscopic analysis of GH3 cells transiently transfected with pcDNA3-Kv1.1N206Tagflag and analyzed by immunofluorescence as described under "Materials and Methods." pellets derived from GH3 cells. These results indicate that early in the process of translation and assembly of multimeric channel complexes, the amino terminus and the first transmembrane segments are sufficient for forming heteromultimeric complexes with the native Shaker-like channels. The relatively lower intensity of the associated Kv1 polypeptides compared with that of Kv1.1N206Tag may indicate that most of the Kv1.1N206Tag polypeptides self-associate to form homomultimeric complexes and that only a small fraction forms heteromultimeric complexes with the native channels.
To confirm the specificity of interactions between the truncated polypeptide and the native channels, we used a complementary immunoprecipitation protocol. Labeled cell lysates derived from either GH3 or GHT69 were first reacted with either anti-Kv1.4 polyclonal antibody (Fig. 3B, lanes 5-8) or an unrelated antibody (anti-eNOS; Fig. 3B, lanes 1-4) . The immunopellets were then dissolved in 2% SDS and divided into two halves. One half was mixed with sample buffer and electrophoresed (lanes 1, 3, 5, and 7) , and the other half was diluted with RIPA without SDS to a final SDS concentration of 0.3% and then reprecipitated with anti-HA antibody (Fig. 3B, lanes  2, 4, 6, and 8 ). The results demonstrate that Kv1.1N206Tag can be precipitated from the immunopellets of anti Kv1.4 antibody, but not from the immunopellets of anti-eNOS antibody, confirming that the truncated polypeptides formed specific heteromultimeric complexes with the native Kv1 channel polypeptides.
Subcellular Distribution and Localization of Kv1.1N206-Tag-We next examined the subcellular distribution of Kv1.1N206Tag. The GHT69 cell lysates were fractionated to the particulate (crude membrane) and soluble (cytosol) fractions using differential centrifugation. The results demonstrated that Kv1.1N206Tag segregated to the particulate fraction and was not detectable in the soluble fraction (Fig. 4) , similar to our observations in vitro (1) . Control experiments revealed that the polypeptide immunoprecipitated from the in vitro translated products of Kv1.1N206Tag cRNA had the same mobility as Kv1.1N206Tag precipitated from GHT69.
The detailed subcellular localization of Kv1.1N206Tag was determined by immunofluorescence analyses. Since 12CA5 antibody gave a high nonspecific fluorescence in control GH3 cells, we added a Flag epitope at either the carboxyl or the amino terminus of Kv1.1N206Tag (Kv1.1N206Tagflag; Fig.  5A ). In vitro translation demonstrated that the apparent mass of Kv1.1N206Tagflag was about 1 kDa larger than that of Kv1.1N206Tag (Fig. 5B) . Kv1.1N206Tagflag could be immunoprecipitated by both 12CA5 and anti-Flag antibodies (Fig. 5B , lanes 5 and 6), while Kv1.1N206Tag could only be precipitated by 12CA5 (Fig. 5B, lane 3) but not by anti-Flag antibody (Fig.  5B, lane 2) . Correspondingly, identical sized bands were precipitated from GHT69 cells and GH3 cells stably transfected with Kv1.1N206Tagflag (GHTR1) (Fig. 5B, lanes 7 and 9) . The precipitation of Kv1.1N206Tag from GHT69 and Kv1.1N-206Tagflag from GHTR1 with 12CA5 was abolished by preincubating the 12CA5 antibody with excess of HA peptide (Fig.  5B, lanes 8 and 10) . Transient and stable transfections of Kv1.1N206Tagflag into GH3 cells were then used to determine the subcellular distribution of Kv1.1N206Tagflag. In both cases, the subcellular distribution of the truncated polypeptides was identical. Confocal microscopic imaging of immunostaining experiments with anti-flag antibody demonstrated a highly concentrated staining in the cytoplasm of the cells. There was no immunostaining of either the plasma membrane or the nucleus (Fig. 5C) .
To further confirm the localization of Kv1.1N206Tagflag, we compared its distribution to that of TRAP␣, a known ER resident protein that forms part of the translocon at which nascent polypeptides cross the ER membrane (19) . Staining with antiFlag antibody (green) and an antibody against TRAP␣ (red) revealed an identical pattern of staining (Fig. 6, A and B) . Superimposition of the two images (Fig. 6C) revealed that the two polypeptides colocalized (yellow) in the cytoplasm of transfected GH3 cells. Immunofluorescence analyses of transient transfection of Kv1.1N206Tag with the Flag epitope at either the carboxyl terminus or amino terminus gave an identical pattern of immunostaining. Stable transfections (14 clones) with the same constructs revealed an identical distribution of Kv1.1N206Tagflag polypeptide (data not shown). Thus, all complexes containing the truncated polypeptides are trapped in the ER, indicating that neither the heteromultimeric nor the homomultimeric Kv1.1N206Tagflag complexes can reach the plasma membrane. The trapping in the ER may explain the shorter half-life of the truncated polypeptide (5). DISCUSSION We hypothesized that overexpression of a truncated segment of a voltage-gated potassium channel essential for assembly would either result in association with the whole channel protein in vivo and retention in the ER or in the formation of nonfunctional complexes in the plasma membrane. We based our hypothesis on our previous experimental data, in which we demonstrated that in vitro translated Kv1.1N206 formed homomultimeric and heteromultimeric complexes with Kv1.5 polypeptides. Furthermore, overexpression of Kv1.1N206 abolished the expression of Kv1.5-and Kv1.1-encoded currents in Xenopus oocytes (1). Here we have shown that overexpression of Kv1.1N206, a truncated polypeptide that contains the NH 2 terminus and the first transmembrane segment, resulted in the trapping of the truncated peptide in the endoplasmic reticulum. Our results confirm that potassium channels assemble in the ER and document the trapping of channel complexes consisting of truncated and native channel polypeptides. Although we do not provide direct evidence of the shift of the native Kv1.4 and Kv1.5 polypeptides from the plasma membrane to the ER, the exclusive localization of Kv1.1N206Tag in the ER has led us to conclude that the dominant negative effect is most likely due to the trapping of heteromultimeric complexes that contain Kv1.1N206Tag and the native channels in the ER.
We propose that this mechanism underlies the dominant negative effect that we and others have observed in several experimental systems, including Xenopus oocytes and various cell lines such as GH3 cells. Our findings are consistent with the model of ER retention proposed by Helenius (5), in which the heteromultimeric, misfolded complexes that contain one or more truncated polypeptides are trapped in the ER. This model may explain the dominant negative effect of the mutations in the first transmembrane segments of Kv1.1 that are associated with episodic ataxia (10) , and the dominant negative effect observed in long QT syndrome associated with a deletion mutation of HERG gene that results in the truncation of the polypeptide after the first transmembrane segment (11, 18) .
The cytoplasmic T1 domain specifies the subunit that can form heteromultimeric complexes (20) . An increasing amount of evidence suggests that interactions between transmembrane segments may play an important role in the final structure of polytopic membrane proteins. The association of transmembrane segments may depend primarily on van der Waals interactions that can mediate either promiscuous or stable and specific associations (21, 22, 23) . The presence of a truncated subunit interferes with the folding and assembly pathway resulting in retention of the heteromultimeric complexes in the ER. Similarly, it seems likely that changes in several amino acids or even one missense mutation may lead to major effects on folding, recognition, and assembly, and therefore trapping in the ER. A more detailed analysis of the folding and assembly of these polytopic membrane proteins is needed to extend the implications of this study to other potassium channels.
